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Dipolar interations and anisotropi magnetoresistane in metalli granular systems
J. Viana Lopes, J. M. B. Lopes dos Santos and Yu. G. Pogorelov
Centro de Físia do Porto and Departamento de Físia, Fauldade de Ciênias, Universidade do Porto,
Rua do Campo Alegre, 687, 4169-007 Porto, Portugal
We revisit the theory of magnetoresistane for a system of nanosopi magneti granules in metal-
li matrix. Using a simple model for the spin dependent perturbation potential of the granules, we
solve Boltzmann equation for the spin dependent omponents of the non equilibrium eletroni dis-
tribution funtion. For typial values of the geometri parameters in granular systems, we nd a
peuliar struture of the distribution funtion of ondution eletrons, whih is at variane with
the two-urrent model of ondution in inhomogeneous systems. Our treatment expliitly inludes
the eets of dipolar orrelations yielding a magnetoresistane ratio whih ontains, in addition to
the term proportional to the square of uniform magnetization 〈µ〉, a weak anisotropi ontribu-
tion depending on the angle between eletri and magneti elds, and arising from the anisotropi
harater of dipolar interations.
I. INTRODUCTION
Granular magneti systems displaying giant magne-
toresistane (GMR) eet [1, 2℄, were put forward as
an alternative to the previously known magneti mul-
tilayers [3, 4℄, due to their pratial advantages of eas-
ier fabriation and higher stability. On the other hand,
the relevant physis in granular systems presents greater
hallenges than in the ase of multilayered systems, for
whih lassial [5℄, semilassial [6℄ or quantum [7℄ solu-
tions are available. Of ourse, in all these ases the neg-
ative GMR has the same origin in that the ondution
eletrons with two spin polarizations ow easier at in-
reasing alignment of loalized magneti moments. But
a diulty results from the fat that, while the mag-
neti state of a multilayered system is desribed by only
few lassial variables (the orientations of magnetization
in eah magneti layer), that of a granular system in-
volves a statistial ensemble of nanosopi granule mag-
neti moments whih generally annot be onsidered in-
dependent. Also the magnetotransport in 3D granular
systems annot be redued to any of the paradigmati
ases in the layered systems, urrent-in-plane (CIP) or
urrent-perpendiular-to-plane (CPP) [8℄. Nevertheless,
urrently aepted treatments of magnetotransport in
inhomogeneous materials (both granular and multilay-
ered) share a ommon onept: the two-urrent model,
in whih the spin up and spin down eletron subsystems
arry urrent independently [9, 10, 11, 12℄. This model
reasonably reprodues the main features of GMR in gran-
ular materials. The most ommon one is the proportion-
ality of the magnetoresistane ratio ∆ρ/ρ to the square
of uniform magnetization, ∆ρ/ρ ∝ m2, as rst observed
by Xiao et al [2℄ and theoretially explained by assum-
ing the granules to have a single size and to be unor-
related [12℄. The observed proportionality of ∆ρ to the
inverse of granule diameter d [10, 13℄ is aounted in these
models by assuming that the spin dependent sattering
in mainly at the surfae of the granules. Experiments
also show deviations from m2 behavior [2, 11, 14, 15℄
whih have been attributed to granule size dispersion
[12, 14, 17℄, and/or orrelations between the granular
moments [11, 16, 17, 18, 20℄, most pronouned when the
applied magneti eld is not too strong ompared with
the intergranule (dipolar) interations.
However, despite appearanes, there are some issues
open for disussion in the urrent aounts of magneto-
transport in granular materials.
The treatments referred to above usually onsider the
sattering from individual impurities inside the granules
to be inoherent, despite the fat that eletroni mean-
free path an be muh larger than granule diameter or
even inter granule distane [10℄. In the present paper we
extend a model put forward by Pogorelov et al [17℄ in
whih the sattering was onsidered oherent from the
whole granule volume and the geometrial fators aris-
ing from this oherene where properly taken into a-
ount, albeit within the ontext of two-urrent model.
We now perform a full treatment of the kineti Boltz-
mann equation and nd that, within this framework, the
two-urrent model does not hold. In the presene of dom-
inantly forward sattering, spin ip proesses beome a
ruial determining fator of the eletroni distribution
funtion. In this model the 1/d dependene of ∆ρ is ob-
tained without assuming spei surfae sattering.
The eet of magneti orrelations on transport is usu-
ally treated in the assumption that the resistane is pro-
portional to 〈µ1 · µ2〉 [11, 16, 18℄ (where µ1 and µ2 are
the magneti moments of granules), a phenomenologial
result that an be traed bak to Gittleman et al [21℄.
The oherent sattering model of Ref. [17℄ put this result
on a rmer footing. Treating in this model the inverse
relaxation time as a spin dependent tensor, determined
by a squared Born sattering amplitude of ondution
eletrons by magneti granules, one readily gets a or-
relation term 〈µ1 · µ2〉 due to oherent spin-dependent
satterings by the moments µ1,2 of two dierent gran-
ules. Also this theory determines the proper weighting,
with distane, of the ontribution of this orrelation to
transport. Other known approahes to magneti orrela-
tions have been either phenomenologial [11℄, or numer-
ial [16, 18, 19℄.
In the present work we are able to alulate the mag-
2neti orrelation funtion analytially for temperatures
well above the harateristi dipolar energy, believed to
be the dominant interation in these systems [22℄. These
orrelations are inluded in the full treatment of the
Boltzmann kineti equation. Beause dipolar intera-
tions are not isotropi, we predit a weak dependene of
∆ρ on the angle θh between the eletrial and magneti
elds. This should not be onfused with the anisotropi
magnetoresistane (AMR) seen in systems with a ferro-
magneti perolating luster or arising from lattie dis-
tortions due to lm substrate stresses [23, 24℄.
In Se. II we disuss the physial parameters for the
onsidered system and the limits for validity of the re-
lated model. In Se. III A the spin-dependent Boltzmann
equation for this model is formulated and in Se. III B
the expliit solution is obtained for the distribution fun-
tion, emphasizing the importane of spin ip sattering
in a situation where forward sattering dominates. The
expressions for resistivity ρ and magnetoresistane ratio
∆ρ/ρ with various observable dependenies (inluding a
weak dependene of ∆ρ/ρ on the angle θh) are presented
in setion IV. Finally, a general disussion and some om-
parisons to previous theories and experimental results are
presented in setion V.
Partial preliminary results have been already reported
in Refs. [25, 26℄, giving a general formulation of the
model and the expression for GMR in a partiular geom-
etry (parallel eletri and magneti elds). Here we give
a more detailed presentation of the solution of Boltzmann
equation, generalize it to any angle between eletri and
magneti elds and present a full disussion of the impli-
ations of our results.
II. DEFINITION OF PHYSICAL SYSTEM AND
MODEL
We onsider a metalli system of idential magneti
spherial granules of diameter d, randomly embedded
with volume fration f into non-magneti metalli ma-
trix. This is a reasonable approximation to real granular
alloys, like FeCu, CoAu, et., where the magneti ompo-
nent by transition (T) metal is mostly aggregated in stan-
dard granules (having sizes only slightly dispersed around
the mean value and shapes of polyhedra faeted along
low-index rystalline planes, lose to spheres). Condu-
tane in suh systems is mainly realized by s-like ele-
trons, shared between noble metal (N) matrix and gran-
ules, and they are sattered by magneti d-eletrons only
present in the granules (it should be noted that both
T- and N-atoms oupy the sites in a ommon rys-
talline lattie). At room temperature, d-eletrons are
distributed in split spin sub-bands and provide almost
saturated, uniform magnetization within eah granule.
However this magnetization an be randomly oriented in
dierent granules. Sine Fermi s-eletron has in general
dierent veloities in N- and T-metals and its spin is
subjeted to some ontat interation with the polarized
spins of d-eletrons (whole bands), the sattering opera-
tor an be modeled by the form [17, 25, 26℄:
Wσσ′ (r) =
∑
j
χ(r−Rj)
(
Uδσσ′ + Iτ σσ′ · µj
)
. (1)
Here U and I are the parameters of potential and spin-
dependent sattering, τσσ′ is the s-eletron spin opera-
tor. The relevant variable for jth granule, the unit ve-
tor µj along its magneti moment, is onsidered lassial
and invariable at eletron sattering events, sine the net
granule moment µ0 typially amounts to ∼ 104µ
B
and
its oupling to the environment should be stronger than
an energy transfer at eletron spin ip. Thus the model,
Eq. 1, implies transitions between dierent spin hannels
due to spin preession in the eld of lassial magneti-
zation within a granule, rather than due to less proba-
ble spin ips by individual atomi satterers. The fun-
tion χ(r −Rj) in the simplest approximation is 1 when
|r−Rj | < r0, (r0 being the radius of a granule) and zero
otherwise. It is the Fourier transform of this funtion
(see below) that eetively aounts for a distinguished
role of interfae sattering, while it was to be speially
introdued into the inoherent sattering shemes. The
sattering potential, Eq. 1, is also easily generalized to
dierent sized granules. A similar model, whih also on-
sidered oherent sattering by the granules, was formerly
proposed by Kim et al [27℄. However, these authors as-
sumed a dipolar (instead of exhange) oupling between
granule magnetization and harge arriers spin and did
not inlude magneti orrelations between granules.
In what follows, some important relations will be used
between the harateristi length sales for this prob-
lem: the Fermi wavelength λF = 2π/kF, the mean gran-
ule diameter d, the mean intergranule distane D =
(π/6f)
1/3
d, and the mean free path ℓ for ondution ele-
trons. Namely, we onsider them to obey the following
sequene of inequalities
ℓ≫ D > d≫ λF (2)
whih is rather realisti for experimental systems (see for
instane [10℄).
A partiular physial onsequene of the relation d≫
λF is that sattering is dominated by small angles as
follows from standard diration arguments. We shall see
that in this situation the spin ip sattering has inreased
importane in determining the struture of the stationary
eletroni distribution funtion.
III. BOLTZMANN KINETIC EQUATION
A. Spin-dependent distribution funtions
We use the desription of non-equilibrium eletroni
state of a granular system, related to the sattering po-
tential, Eq. 1, and subjeted to external eletri and
3magneti elds, in terms of spin-dependent distribution
funtions fkσ obeying the kineti Boltzmann equation
(BE)
∂fkσ
∂t
− vk · ∇rfkσ − e
h¯
(
E+
1
c
vk ×H
)
· ∇kfkσ+ (3)
+
∑
k′,σ′
(fk′σ′ − fkσ)Wkσ,k′σ′ = 0
where vk is the ondution eletron veloity andWkσ,k′σ′
its transition probability from k′σ′ to kσ state per unit
time. In absene of elds, a trivial steady state solu-
tion holds fkσ ≡ f0k = {exp[β(εk − εF)]}−1, desribing
the spin degenerate Fermi sphere. The eletri eld dis-
torts the Fermi surfae (FS) by shifting the Fermi sphere
and the sattering redistributes eletrons, a stationary
distribution resulting from a balane between these two
mehanisms. The urrent density by two spin hannels
is given by
j = −e
∑
k,σ
vkfkσ, (4)
and in absene of spin ip sattering the up and down
spin FS are independent. In this ase, the σ spin FS
distortion is proportional to τσ, the orresponding relax-
ation time, and the ondutivity is therefore proportional
to τ↑ + τ↓, a result used in [10, 12, 17℄ and in all alu-
lations in the ontext of two-urrent model. Evidently,
sattering between idential spin states is ineetive in
relaxing the distortion of the FS if the angle of satter-
ing is small. The harateristi transport fator 1− cosθ
in our ase an be estimated as
1− cos θ ≈ θ
2
2
∼ (λF/d)2 ,
sine the diration angle θ ≈ λF/d≪ 1 .
However, if the spin ip sattering is present, it on-
tributes very eetively, without the 1 − cos θ fator, to
the relaxation of the dierene between the up and down
spin FS distortions. So, when sattering in mostly in the
forward diretion, the spin ip sattering fores the up
and down spin FS distortions to be almost idential. One
then nds that the transport time is given by
1
τ
tr
=
1
2
(
1
τ↑
+
1
τ↓
)
i.e. the rates, and not the times, must be averaged. We
also inlude the eet of orrelations between granule
magneti moments in a way that the sattering kernel
of BE involves the onneted orrelation funtions
Cα(q) =
〈∑
j( 6=i)
Cαije
−iq·Rji
〉
R
(5)
where Cαij = 〈µαi · µαj 〉 − 〈µαi 〉 · 〈µαj 〉, 〈· · ·〉 denotes the
thermal average and 〈· · ·〉R the average over granule po-
sitions. Correlations indued by the dipolar interation
are not isotropi and depend on the angle between q and
the external magneti eld. As will be shown below, this
results in a ertain dependene of the magnetoresistane
on the angle between urrent and magneti eld.
B. Solution of kineti equation
In presene of elds, we dene a usual expansion to
linearize BE
fkσ ≡ f0k −
∂f0k
∂εk
φkσ ≈ f0(εk − φkσ),
that is φkσ an be interpreted as the FS deformation.
Then Eq. 4 is expressed as
j = −2e
∑
k
vk
(
−∂f
0
k
∂εk
)
φk. (6)
where φk ≡ 12
∑
σ φkσ. Now BE, Eq. 3, for spatially
uniform steady state and with neglet of orbital eets
by magneti eld, an be redued to an integral equation
for φkσ
evk ·E =
∑
σ′
∫
dΩk′ωσσ′(k,k
′)φk′σ′ . (7)
The angular integration in Eq. 7 is over FS and the kernel
ωσσ′(k,k
′) is
ωσσ′(k,k
′) =
∑
σ′′
∫
dΩk′′
4π
ρFΓσσ′′ (k,k
′′)δ(Ωk − Ωk′)δσσ′
− 1
4π
ρFΓσσ′(k,k
′). (8)
where ρ
F
is the Fermi density of states. The transition
probability density Γσσ′ (k,k
′) an be written like in Refs.
[17, 25, 26℄ using the Fermi's golden rule
1
V
Γσσ′ (k,k
′) =
2π
h¯
∣∣∣〈k, σ|Wˆ |k′, σ′〉∣∣∣2 (9)
where V is the sample volume.
For the ommon ase of point-like satterers, the valid-
ity of Born approximation only requires that the relevant
energy sales for perturbation, U and I, be small om-
pared to the Fermi energy εF [28℄. But in our ase, the
nite size of satterers also needs some onsideration. In
a naïve view, the strength of perturbation ould be rep-
resented by the sattering rates (see below)
γ2U =
2π
h¯
V0U
2ρF, γ
2
I =
2π
h¯
V0I
2ρF, (10)
where V0 = πd
3/6 is the granule volume. For a relevant
hoie of parameters: V0 ∼ 10 nm3, U ∼ I ∼ 0.3 eV,
ρF ∼ 10 eV−1nm−3, εF ∼ 5 eV, one has a large ratio
h¯γ2I/εF > 1. However, this estimate ignores the fat
that the sattering is mostly in forward diretion. Taking
4this into aount, the lifetime of a momentum state is
estimated as :
h¯/τ ∼ f(γ2U + γ2I )/(kFd)2 ≈ f(U2 + I2)kFd/εF.
Hene the ondition of weak sattering h¯/τ ≪ εF remains
valid even for values of U and I as large as ∼ 1 eV.
Then BE, Eq. 7, an be rewritten as an operator equa-
tion in the spae of funtions dened on FS,∑
σ′
ωˆσσ′ |φσ′〉 = |φE〉 (11)
where |φE〉 denotes the driving term and |φσ〉 the FS
distortion for spin σ.
We use the angular momentum basis |ℓm〉 and dene
the oeients
φℓmσ ≡ 〈ℓm|φσ〉 ≡ φℓm + σηℓm,
so that
φkσ =
∑
ℓ,m
φℓmσY
m
ℓ (kˆ).
Note that sine the driving term of BE is evk · E ∝
evkEY
0
1(kˆ), only the ℓ = 1,m = 0 omponent of |φE〉
is non zero. As was already mentioned, orrelations in-
dued by dipolar interations lead to a dependene of the
sattering kernel on the angle between the momentum
transfer vetor q ≡ k′−k and the external magneti eld,
and it is onvenient to separate out its (small) anisotropi
part from the main isotropi one:
Γσσ′ (k,k
′) = Γ
(i)
σσ′ (q) + Γ
(a)
σσ′ (q), (12)
ωˆσσ′ (k,k
′) = ωˆ
(i)
σσ′ (q) + ωˆ
(a)
σσ′(q).
Let us rst restrit onsideration to the isotropi sat-
tering kernel, ω
(i)
σσ′ (q), whih depends only on the angle
between k and k′. The resulting operator in Eq. 11
is diagonal in the spherial harmoni basis with z axis
along the only distinguished diretion of eletri eld E
(E-basis). Note that in this ase the quantization axis for
eletron spin operator τ̂ an be hosen arbitrary. Then,
presenting the relevant solution as φ
(i)
10σ = φ
(i)
10 +ση
(i)
10 we
obtain its omponents φ
(i)
10 and η
(i)
10 from
ω
(i)
ss φ
(i)
10+ ω
(i)
sa η
(i)
10 =
√
4π/3evkE, (13)
ω
(i)
as φ
(i)
10 +ω
(i)
aaη
(i)
10 = 0,
all other omponents of the FS distortion being zero. We
should emphasize that, in any ase, only the ℓ = 1 om-
ponents of φkσ ontribute to the urrent. The rates ap-
pearing in Eq. 13 are given by
ω(i)ss =
1
2
∑
σσ′
〈10|ωˆ(i)σσ′ |10〉, (14)
ω(i)sa =
1
2
∑
σσ′
σ′〈10|ωˆ(i)σσ′ |10〉,
ω(i)as =
1
2
∑
σσ′
σ〈10|ωˆ(i)σσ′ |10〉,
ω(i)aa =
1
2
∑
σσ′
σσ′〈10|ωˆ(i)σσ′ |10〉,
or, more expliitly,
ω(i)ss =
ρF
2
∑
σ,σ′
∫
dΩk′
4π
Γ
(i)
σσ′ (|k− k′|) (1− cos(θkk′)),
ω(i)sa =
ρF
2
∑
σ,σ′
∫
dΩk′
4π
Γ
(i)
σσ′ (|k− k′|) (σ − σ′ cos(θkk′)),
ω(i)as =
ρF
2
∑
σ,σ′
∫
dΩk′
4π
Γ
(i)
σσ′ (|k− k′|) σ(1− cos(θkk′)),
ω(i)aa =
ρF
2
∑
σ,σ′
∫
dΩk′
4π
Γ
(i)
σσ′ (|k− k′|) (1− σσ′ cos(θkk′)).
Solving Eqs. 13, we obtain φ
(i)
10 =
√
4π/3evkEτ
(i)
tr where
τ
(i)
tr
−1 = ω(i)ss −
ω
(i)
saω
(i)
as
ω
(i)
aa
(15)
is the transport relaxation time in isotropi approxima-
tion. Introduing φk into Eq. 6 in the same approxima-
tion:
φ
(i)
k = φ
(i)
10Y
0
1(kˆ) = evk · Eτ (i)tr ,
we arrive in a standard way at the Drude resistivity
ρ =
me
nee2τ
(i)
tr
.
As stated in Se. II and expliitly shown below, the sat-
tering probability Γσσ′ (k,k
′) is dominated by small an-
gles θkk′ . As a result, the integrals in Eqs. 14 that involve
the fator 1+cosθ are larger than those with 1−cos θ by
a fator of (kFd)
2
. They appear only in ωaa (and anel
in ωsa) so that
τ
(i)
tr
−1 ≈ ω(i)ss . (16)
Considering the denitions of Eq. 14, we an easily on-
lude that
ω(i)ss =
1
2
(
τ
(i)
↑↑
−1 + τ
(i)
↓↓
−1 + 2τ
(i)
↓↑
−1
)
(17)
where the rates τ
(i)
σσ′
−1
are dened as
τ
(i)
σσ′
−1 = ρF
∫
dΩk′
4π
Γ
(i)
σσ′ (|k− k′|)(1− cos(θkk′)).
Eq. 17 expresses the fat, already disussed in Se. III A,
that up and down spin FS have almost the same defor-
mation and so the relaxation rate of the mean of the two
deformations is just the mean of orresponding rates. For
5a typial value kFd ≈ 40 the negleted term in Eq. 15
turns out to be about 0.5% of the term retained.
The weak anisotropi term of the sattering kernel,
ωˆ
(a)
σσ′ , due to the orrelation between magneti moments,
an be easily inluded into the present treatment in a
perturbative way. Then Eq. 11 reads∑
σ′
(
ωˆ
(i)
σσ′ |φσ′〉+ ωˆ(a)σσ′ |φσ′〉
)
= |φE〉,
and the solution an be written as |φσ〉 = |φ(i)σ 〉+ |φ(a)σ 〉,
where |φ(a)σ 〉 is a small anisotropi perturbation. To low-
est non zero order in it, we have∑
σ′
(
ωˆ
(i)
σσ′ |φ(a)σ 〉+ ωˆ(a)σσ′ |φ(i)σ′ 〉
)
= 0. (18)
Projeting out the ℓ = 1 and m = 0 omponents and us-
ing the fats that ωˆ
(i)
σσ′ is diagonal and the only non zero
omponent in the unperturbed solution |φ(i)σ 〉 is that with
ℓ = 1, m = 0, we an solve this equations for the oe-
ients φ
(a)
10σ = 〈10|φ(a)σ 〉 = φ(a)10 + ση(a)10 . A simpliation
similar to that leading to Eq. 16 also applies here and
we obtain
φ
(a)
10 = −
ω
(a)
ss
ω
(i)
ss
φ
(i)
10
where ω
(a)
ss is dened in a similar way to ω
(i)
ss in Eq. 14.
Hene the transport time τtr is hanged by a fator 1 −
ω
(a)
ss /ω
(i)
ss ompared to τ
(i)
tr , Eq. 16, and to the order of
auray that we are working in Eq. 18, we may write
τ−1tr = ω
(i)
ss + ω
(a)
ss . (19)
One might question at this point, whether it is legiti-
mate to inlude this last orretion while negleting the
seond term in Eq. 15. It should be stressed however
that the two terms in Eq. 19 are of the same order with
respet to the small parameter 1/(kFd). So our theory is
onsistently a lowest non zero order theory in this small
parameter. On the more pratial side, we will see that
for typial parameter values this orretion, arising from
spin orrelations, an in fat be more important than the
terms negleted in Eq. 15.
IV. CALCULATION OF TRANSPORT RATES
A. Isotropi Kernel
The priniples for the alulation of the sattering rates
have already been spelled out in Ref. [17℄. The expliit
squaring matrix element in Eq. 9 is
∣∣∣〈k, σ|Wˆ |k′, σ′〉∣∣∣2 = V 20
V 2
ψ2(
qd
2
)
∣∣∣∣∣∣
∑
j
e−iq·RjW jσσ′
∣∣∣∣∣∣
2
(20)
where the funtion ψ(x) = 3(sin(x)− x cos(x))/x3 is the
struture fator of a sphere, the Fourier image of the
funtion χ(r), and W jσσ′ = Uδσσ′ + Iτ σσ′ · µj . It is due
to the presene of fators ψ2(qd/2) in the integrals of Eq.
14 that only values of q ≤ d−1 ontribute signiantly
to the sattering. Evidently, Eq. 20 should be averaged
with respet to the random positions Ri of the granules
and over the thermal distribution of their moments µi.
The latter an be done in the basis with z axis along
the external magneti eld H (H-basis), where only the
z omponent of a magneti moment has non zero average
〈µzi 〉 ≡ 〈µz〉.
We separate out ontribution involving a single gran-
ule, and write averages of produts of magneti moments
of diferent granules as produts of averages plus on-
neted orrelation funtions, Eq. 5. It is then straightfor-
ward to obtain the expliit formulas for diagonal and non-
diagonal omponents of isotropi and anisotropi parts of
the sattering rates, Eq. 12:
ρFΓ
(i)
σσ(q) = fψ
2(
qd
2
)
(
γ2U (1 + g(q)) +
+ 2σγUγI〈µz〉 (1 + g(q)) (21)
+ γ2I
(〈µ2z〉+ g(q)〈µz〉2) ),
ρFΓ
(i)
σ,−σ(q) = fψ
2(
qd
2
)γ2I
[
1− 〈µ2z〉
]
,
and
ρFΓ
(a)
σσ (q) = fψ
2(
qd
2
)γ2IC‖(q), (22)
ρFΓ
(a)
σ,−σ(q) = fψ
2(
qd
2
)γ2IC⊥(q).
Here g(q) is the pair orrelation funtion, already alu-
lated in Refs. [17, 25, 26℄, using the exluded volume
approximation
g(q) ≡ 1
N
〈
∑
i6=j
e−iq·(Rj−Ri)〉{R} ≈
≈ f
V0
∫
r>d
dr e−iq·r = −8fψ(qd)
(a delta funtion at q = 0 is negleted beause it gives a
zero ontribution to the integrals over q). The orrelation
funtions C‖(q) ≡ Cz(q) and C⊥(q) ≡ Cx(q) + Cy(q)
and the relevant average 〈µz〉 are alulated in the same
approximation in Appendix B.
The angular integrations appearing in Eq. 14 an now
be transformed to integrals over the momentum trans-
fer q. They an be lassied in terms of inverse pow-
ers of the large parameter kFd (see Appendix A). The
terms, involving the fator 1 + cos θ, are of the order
(γ2U , γ
2
I )f/(kFd)
2
whereas the fators involving the fa-
tor 1 − cos θ ∝ q2 are smaller by a fator 1/(kFd)2 i.e.,
of the order (γ2U , γ
2
I )f/(kFd)
4
.
In the absene of orrelations the result for the trans-
port rate is quite simple (see Eq. 15)
6τ−1tr =
4f
(kFd)4
(
αγ2 − βfγ2I 〈µz〉2
)
(23)
where γ2 = γ2U +γ
2
I and the onstants α = (9/2) ln(kFd),
and β ≈ 4.172 are dened in Appendix A. Other (non-
magneti) sattering mehanisms will give rise to an ad-
ditive bakground ontribution to the resistivity ρb so
that
ρ = ρb +
me
nee2
4f
(kFd)4
(
αγ2 − βfγ2I 〈µz〉2
)
This result is idential to the rst two terms of Eq. (18)
in Ref. [17℄ and it gives a magnetoresistane proportional
to the square of magnetization
−∆ρ = me
nee2
4βf2γ2I
(kFd)4
〈µz〉2. (24)
Suh proportionality of the magnetoresistane to 〈µz〉2,
at this level of approximation is also obtained in all al-
ulations in the two-urrent model [10, 12℄. Dierenes
between these approahes will be disussed in more detail
in Se. V.
B. Contribution of Correlations
A alulation of the eet of orrelations on transport
requires expliit expressions for the orrelation funtions.
In this artile we onsider only the high temperature limit
of dipolar interations, kBT > µ
2
0/D
3
when the high tem-
perature expansion is meaningful. The alulation gives
(see Appendix B)
C(q) =
8πfµ20
3V0kBT
L2( µ0h
kBT
)ψ(qd)P2(cos θq,h) (25)
where L2(s) = [L(s)/s]2 − [L′(s)]2 and L(s) = coth(s)−
1/s is the Langevin funtion. The L2 fator is related to
the ommon eld eet on the magnetization. A more
subtle eld eet on the transport follows from the fa-
tor P2(x) ≡ (3x2 − 1)/2, depending on the angle θq,h
between the sattering vetor and the external magneti
eld. This dependene results from the alulation of the
orrelator C(q) using the H-basis (that where z-axis is
along H). It eventually introdues a dependene of the
transport time on the angle θh between the urrent and
the magneti eld (between E- and H-bases). Returning
again to the E-basis (with H lying in the xz plane) for
integration in Eq. 8 and using the results of Eq. 21, one
readily arrives at the following expression for the relevant
rate ω
(a)
ss :
ω(a)ss =
2
3
f2γ2Iµ
2
0
V0kBT
L2( µ0h
kBT
)× (26)
×
∫
dΩk
∫
dΩk′ψ
2(
qd
2
)ψ(qd)P2(cos θq,h)×
× [|Y 01 (θk)|2 − Y 01 (θk′)Y 01 (θk)] .
The arguments of ψ funtions ontain q = 2kF sin(θkk′/2)
were θkk′ is the angle between k and k
′
. The integrals
over Ωk and Ωk′ in Eq. 26 are alulated using the ad-
dition theorem for spherial harmonis to give
ω(a)ss = −
14π
15
βf2γ2Iµ
2
0
V0kBT (kFd)4
L2( µ0h
kBT
)P2(cos θh).
So, nally we obtain for the transport rate
ρ = ρb +
me
nee2
4f
(kFd)4
{
αγ2− (27)
−βfγ2I
[
〈µz〉2 + 7πµ
2
0
30V0kBT
L2( µ0h
kBT
)P2(cos θh)
]}
where again a bakground ontribution, ρb, from
non-magneti sattering mehanisms (other impurities,
phonons) is inluded. The magnetoresistane is then
modied from Eq. 24 to
−∆ρ = me
nee2
4βf2γ2I
(kFd)4
(
〈µz〉2 + 7π
30
T0
T
L2( µ0h
kBT
)P2(cos θh)
)
(28)
where T0, the harateristi temperature of dipolar inter-
ations, is
T0 =
µ20
V0kB
. (29)
The last term in Eq. 28 desribes the deviation from
∼ 〈µz〉2 behavior of GMR due to dipolar magneti or-
relations.
V. DISCUSSION AND CONCLUSIONS
When the oherene between individual sattering
events inside a granule is disregarded [1, 10, 12℄ the re-
laxation rate of spin σ eletrons ∆σ ≡ τ−1σ = ∆0 + σ∆1
is proportional to the volume fration of granules, f , and
∆1 is proportional to the mean normalized magneti mo-
ment 〈µz〉. Furthermore, if magneti sattering at the
granule surfae dominates, ∆1is proportional to the sur-
fae to volume ratio of the granules i.e. inversely pro-
portional to d, the diameter. In the two-urrent model
the spin up and down eletron subsystems arry urrent
independently and the ondutivity is given by
σ =
nee
2
me
(τ↑ + τ↓)
or
ρ(h) =
me
nee2
∆20 −∆21
∆0
.
As a result the magnetoresistane is
−∆ρ = me
nee2
∆21
∆0
.
7From this a proportionality follows of ∆ρ to 〈µz〉2, 1/d
and f , provided the resistane in zero eld is also domi-
nated by surfae sattering at the granules (∆0 propor-
tional to f and 1/d ).
In our model the entire granule satters oherently.
We believe this is reasonable, in view of the fat that the
eletroni mean free path an be larger than the granule
diameter or even the inter-granular distane [10℄. This
orresponds to the homogeneous limit of Camblong et al
[9℄. Given the large size of the granules, ompared to
the Fermi wavelength, sattering is predominant in the
forward diretion, onentrated in a one of angular size
of order (λF/d)
2 ∼ 1/(kFd)2. As we emphasized, spin
ip sattering then enfores that the up and down spin
FS distortions stay in step, and the resistivity is given by
ρ =
m
nee2
(∆↑ +∆↓)
The interferene between satterings in dierent gran-
ules gives a ontribution to ∆σ proportional to 〈µ1 · µ2〉
whih, in the absene of orrelations yields a 〈µz〉2 term
proportional to f2. Sine in our alulation surfae sat-
tering is not speially distinguished, one might expet
the sattering ross setion to be proportional to the vol-
ume of the granule ∼ d3. However, as we mentioned
above, it is dereased by a fator of 1/(kFd)
2
by a stan-
dard diration argument. The ontribution to the re-
sistivity arries an extra fator 1/(kFd)
2
arising from the
transport fator 1 − cos θ. As a result the resistivity is
proportional to 1/d.
Given that our model orresponds to the homogeneous
limit one ould question whether it is apable of predit-
ing the atual values of magnetoresistane ratio observed
in experiments.
By dening a resistivity sale
∆ρm =
me
nee2
4βf2γ2I
(kFd)4
we may rewrite Eq. 28 in the form
−∆ρ = ∆ρm
(
〈µz〉2 + 7πT0
30T
L2( µ0h
kBT
)P2(cos θh)
)
.
(30)
The magneti eld dependent fator (within brakets) is
zero for zero eld and unity for saturating eld, where
orrelations no longer ontribute, so ∆ρm is the max-
imum value of |∆ρ|. The zero eld resistane an be
written as (see eq. 27)
ρ(0) = ρb +
α
βf
(
1 +
γ2U
γ2I
)
∆ρm (31)
This gives an upper bound for the magnetoresistane ra-
tio
∆ρm
ρ(0)
≤ βf
α
(32)
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FIG. 1: Field dependent fator in the magnetoresistane as
a funtion of magneti eld at various temperatures. Dashed
lines - without dipolar orrelation orretion; full lines - with
inlusion of dipolar orrelation orretion at parallel eletri
and magneti elds (T0 = 107K, µ0 = 1492µB and f = 0.2
[10℄).
The ratio β/α ≈ 0.94/ lnkFd varies between 0.31 ∼ 0.23
for kFd in the range of 20 ∼ 60. This would imply
|∆ρ|/ρ ≤ 0.3f , that is onsiderably smaller than what is
usually observed below room temperature. The relatively
small value of β/α is, however, a onsequene of assum-
ing a sharp granule interfae in the funtion χ(r −Rj),
whih leads to a logarithmi fator in α. To hek this,
we have also alulated with smoother density proles
and, for values of the interfae thikness as small as 10%
of the diameter [29℄, a rather realisti β/α ∼ 0.8 is ob-
tained. For omparison, Wang and Xiao found maximum
magnetoresistane ratios of the order of 5% at 300 K and
15 % at 77 K in a sample of Fe20 Ag80 with d = 29
Å [10℄. These authors also found ρ(0) to be inversely
proportional to d, whih means that the seond term in
Eq. 31 should dominate over ρb.
The eet of magneti orrelations on transport is on-
tained in the seond term of Eq. 30. Our treatment ap-
plies to dipolar interations in the high temperature limit
µ20/D
3 ≪ kBT , where D is a typial minimum distane
between granules. Sine D3 = V0/f, this ondition is
equivalent to T ≫ fT0. Using, as an example, the values
of the sample mentioned above we estimate T0 ≈ 107 K
and fT0 ≈ 21 K. This shows that the high temperature
approximation used to alulate the orrelator, Eq. 25,
is atually valid down to reasonably low temperatures.
To illustrate the eet of the orrelation term, we om-
pare in Fig. 1 the fator 〈µz〉2+(7πT0/30T )L2(µ0h/kBT )
for θh = 0 (strongest orrelation eet) with 〈µz〉2 alone,
as funtions of magneti eld for dierent temperatures
(we used the parameters of the sample mentioned above,
T0 = 107K and µ0 = 1492µB). As expeted, the orrela-
tions give a larger orretion (as muh as 10%) at lower
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FIG. 2: Field dependent fator of magnetoresistane ratio,
as a funtion of 〈µz〉2, for T = 40 K and the same sample
parameters as in Fig. 1. The eet of dipolar orrelations
is seen in the urvature, whih has opposite signs for parallel
(θh = 0 ) and perpendiular (θh = pi/2) eletri and magneti
elds. Notie that for the angle θh = arccos 1/
√
3 ≈ 55◦ the
dipolar orrelation orretion turns zero and the straight line
is reovered.
temperatures. A plot of magnetoresistane ratio ∆ρ/ρ vs
〈µz〉2 should be a straight line if the orrelations are ne-
gleted. In Fig. 2 we illustrate this eet by representing
∆ρ/∆ρm vs 〈µz〉2 (see Eq. 30) for parallel (θh = 0) and
perpendiular (θh = π/2) eletri and magneti elds.
Note that the deviation from linear behaviour depends on
temperature, granule parameters µ0 and d, through the
temperature sale T0 (Eq. 29), but not on the onentra-
tion f . Our result is remarkably similar to the one found
by Kehrakos and Trohidou in a numerial alulation for
mono-dispersive samples (see g. 14 of their paper [19℄).
This eet, although small, has the interesting feature of
depending on the angle between the eletri and magneti
elds (see Fig.2) and having opposite signs in the ase
of parallel or perpendiular elds. The dependene on
the relative orientation of eletri and magneti elds is
due to the anisotropi nature of the dipolar interations.
The orrelation between two granules is ferromagneti
for the moment omponents along the diretion joining
the granules but antiferromagneti for the perpendiu-
lar omponents. The orrelation orretion vanishes and
linearity of ∆ρ/ρ vs 〈µz〉2 is restored for the partiular
angle θh = arccos1/
√
3 ≈ 55◦. These features, together
with a spei temperature dependene, should failitate
experimental detetion of the dipolar orrelation eet
in GMR of granular metalli systems. It should be men-
tioned that granule size dispersion also leads to a non-
linear ∆ρ vs 〈µz〉2 [12, 17, 19℄ but always onvex and
θh-independent. Both these kinds of non-linearity an
oexist in real granular systems. At last we note that
the orrelation term by Eq. 30 is zero at zero magneti
eld. However, at temperatures lower than fT0, dipolar
orrelations annot be treated within high temperature
expansion, and it may happen then, that the zero eld
orrelation eet remains nite. This in fat ould rise
the maximum magnetoresistane above the limit of Eq.
32, ∆ρm. The anisotropy we predit may already have
been notied in CuAg lms by Stearns and Cheng [30℄.
It should not be onfused with usual AMR, due to skew
magneti sattering, observed in more onentrated sys-
tems [23℄.
To onlude, we would like to stress one more that
these results follow from a peuliar struture of the ele-
tron distribution funtion, related to the fat that mag-
neti sattering is mostly in the forward diretion. The
relaxation rate of the dierene between the up and down
spin FS is the fastest one, leading to idential up and
down spin FS distortions. The resulting model diers in
some ways from the two-urrent model of magnetotrans-
port, but seems to aount equally well for the basi fea-
tures of experiments. Some of the ideas presented here
may also apply in other systems whenever large stru-
tures, but still smaller than eletroni mean free path,
dominate magneti sattering.
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VII. APPENDIX A
The angular integrations, over the diretion of k′,
in Eqs. 14 an be transformed into integrations over
the momentum transfer q = 2kF sin θkk′/2. The term
cos θkk′ = 1 − 2(q/2kF)2 and the solid angle integration
element, dΩk′ = 8πqdq/(2kF)
2
. Using of Eqs. 21 in Eqs.
14 involves the following integrals:
I (Q) =
∫ Q
0
x3ψ2(x)dx =
=
9
2
[ln 2Q+ γE − 1− Ci (2Q)+
+
sin 2Q
Q
− 1− cos 2Q
2Q2
]
,
J (Q) =
∫ Q
0
x3ψ2(x)ψ(2x)dx =
=
27
20
[2 ln 2− 1 + 2Ci (2Q)− 2Ci (4Q)−
− sin 2Q (1− cos 2Q)
Q
(
1 +
3
4Q2
+
1
4Q4
)
+
9+
5+ 4 cos 2Q− cos 4Q
8Q2
+
cos 2Q− cos 4Q
2Q4
]
,
where γE ≈ 0.5772 is Euler's gamma. The transition
rates, Eq. 19, are simply expressed through these inte-
grals:
τ−1
tr
=
4f
(kFd)
4
(
γ2I (kFd)− J(kFd)8fγ2I ×
×
(
〈µz〉2 + 7π
30
T
T 0
L2( µ0h
kBT
)P2(cos θ
h
)
))
and in the limit of kFd ≫ 1 (taking into aount the
asymptotis of integral osine Ci(x) → sinx/x) we have
the result of Eq. 23 with α = (9/2) ln(kFd) and β =
(54/5)(2 ln2− 1) ≈ 4.172.
VIII. APPENDIX B
The Hamiltonian for magneti interations of the gran-
ules is
H = −µ0h
∑
i
µzi + µ
2
0
∑
<ij>α β
Uαβij µ
α
i µ
β
j
where h is the external magneti eld applied to the sys-
tem (with z axis rotated ompared to the geometry in
Se. IVB) and Uαβij = (δαβ − 3uαijuβij)/r3ij (with the unit
vetor uij = rij/rij) is the dipolar interation tensor.
We made a standard high temperature expansion, with
respet to the dipolar interation energy, valid for tem-
peratures for whih the dipolar interation is a small per-
turbation to the non-interating Hamiltonean.
To the rst order, we obtain for the magneti moment
〈µz〉
〈µzi 〉 = L(s)
1− µ20
kBT
∑
j 6=i
Uzzij L′(s)
 ,
and the moment-moment orrelation funtion Cij =〈
µi · µj
〉− 〈µi〉 · 〈µj〉:
Cij = U
zz
ij
(
∂L(s)
∂s
)2
+ (Uxxij + U
yy
ij )
(L(s)
s
)2
=
1− 3 cos2 θij
r3ij
L2(s),
with s = µ0h/kBT . These expressions must still be av-
eraged over the positions of the granules. We assume a
uniform distribution with the exluded volume onstraint
[17℄ and obtain for 〈µz〉:
〈µz〉 = L(s)− βµ20L(s)L′(s)×
× f
V0
∫
|rj−ri|>2r0
d3rjU
zz
ij ,
whih an be written in terms of the lassial demagne-
tizing fator Nz of the granular sample as
〈µz〉 = L(s)− f T0
T
L(s)L′(s)
(
Nz − 4π
3
)
.
Finally, the Fourier transform (restrited by the exluded
volume) C(q) ≡ C‖(q) + C⊥(q) of the orrelation fun-
tion is
C(q) =
f
V0
∫
r>d
d3rC(r)eiq·r =
=
8π
3
f
T0
T
L2(s)ψ(2qr0)P2(cos θq,h).
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